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A normative-calculation procedure used to determine mineral abundances in rocks from the Montpelier Canyon section of the Phosphoria Formation, Idaho: a tool in deciphering the minor-element geochemistry 4. TiO2, Fe2O3, and K2O versus A12O3 content, as determined by inductively coupled plasma atomic-emission spectroscopy A12 5. MgO and CaO versus inorganic-carbon content, and calculated versus measured carbonate content A13 6. CaO versus P2O5 content in apatite, as determined by inductively coupled plasma atomic-emission spectroscopy A13 7. Residual fraction versus A12O3 content, calculated versus measured SiO2 content, calculated SiO2 content versus A12O3 content measured by inductively coupled plasma atomic-emission spectroscopy, and calculated versus measured loss on ignition A14 8. Bar graph showing calculated abundances of apatite, calcite, dolomite, organic matter, detritus, and biogenic/diagenetic silica in each sample analyzed A15
INTRODUCTION
The Phosphoria Formation, which was deposited on a Permian continental shelf (the then-west edge of the North American Continent) extending over four Western States, was studied extensively by U.S. Geological Survey geologists (see McKelvey and others, 1953a , and references therein) from the 1950's through the 1970's. It was mapped extensively, and its stratigraphy was determined. Major-element-oxide contents were determined by wet chemical analysis, and mineralogy by optical microscopy and X-ray-diffraction (XRD) spectroscopy. Minor elements, however, were not extensively examined in these early studies. The improved resolution of today's analytical techniques with respect to minor elements may further Manuscript approved for publication, January 31, 1992. contribute to our understanding of the geochemical environment within which this formation was deposited. For this purpose, we use a normative-calculation procedure.
This report presents a step-by-step explanation of a normative-calculation procedure that does not follow the Cross, Iddings, Pirsson, and Washington (CIPW) normative scheme used in igneous petrology, whereby the minerals calculated are fictitious and used only for comparison and classification purposes. Instead, we determine from major-element-oxide ratios in sedimentary-rock-forming components or phases the actual abundance of each mineral in each sample. Leinen (1977) , Isaacs (1980) , and Isaacs and others (1983) pioneered this approach in sedimentary processes. For example, Leinen developed a normative-calculation technique to determine the opal content of deep-sea sediment. First, she derived an equation for calculating the nonbiogenic-silica abundance, using linear regression analysis; this value was then subtracted from the total silica content to give the opal abundance. Isaacs (1980) , in her exhaustive study of the Monterey Formation, determined the abundance of calcite, the SiO2 content of aluminosilicates, and the aluminosilicate fraction directly from major-element-oxide analyses, using proportionality constants. The abundances of biogenic silica and detrital quartz were determined by peak intensities on XRD traces. Later, Isaacs and others (1983) derived proportionality constants for detrital quartz, dolomite, and apatite. Both Leinen (1977) and Isaacs and others (1983) used other methods as checks on their calculations, supporting the validity of this technique.
The purpose of our procedure is twofold. First, by determining quantitatively the mineral abundances in each rock sample, we can differentiate between the proportion of the rock that is of terrigenous origin and that which is of marine origin. Assuming that we can assign a fraction of the minor-element content to the terrigenous component, we can calculate the marine component of the minor elements, which can then be compared with the marine mineral abundances. These comparisons allow us to distinguish between initial multiple marine sources and current host mineral phases for minor elements: Initial sources relate to the aqueous and organic chemistry of the depositional environment, and current phases to the pore-water and crystalline chemistry of early diagenesis (Piper, 1991) .
Second, by determining quantitatively the mineral abundances and their stoichiometries for several sections of the Phosphoria Formation, we can look for possible chemical variations across the basin. For example, the terrigenous component most likely varies across the basin as a function of the distance from source, whereas the marine component may vary owing to both areal and depth-related variations in seawater chemistry.
ANALYTICAL TECHNIQUES
Laboratory-prepared powders of samples, which were collected by McKelvey and others (1953b) , were analyzed for major-element oxides and minor elements (table 1) . The samples are from the section of the Phosphoria Formation exposed in Montpelier Canyon, southeastern Idaho ( fig. 1 ). Most samples are from the Meade Peak Phosphatic Shale Member ( fig. 2 ), three are from the upper shale member (equivalent to either the cherty shale member or the Retort Phosphatic Shale Member; see McKelvey and others, 1959) , and one is from the Rex Chert Member (McKelvey and others, 1959; see McKelvey and others, 1953a , for sample descriptions).
Major-element oxides (except SiO2) in 45 samples were measured by inductively coupled plasma (ICP) atomic-emission spectroscopy after acid digestion (Lichte and others, 1987) . Precision, based on multiple analyses of U.S. Geological Survey standard reference materials, is ±10 percent for concentrations greater than 10 times the lower limit of detection. Limits of detection, in weight percent, are as follows: A12O3 (0.09), CaO (0.07), Fe2O3 (0.07), K2O (0.1), MgO (0.08), NajO (0.1), P2O5 (0.02), and TiO2 (0.02).
Major-element oxides (including SiO2) in aliquots from 21 samples were measured by wavelength-dispersive X-ray-fluorescence (XRF) spectroscopy (Taggart and others, 1987) and loss on ignition (LOI). Samples were fused with lithium tetraborate, the melts cast into polished point molds, and the resulting glass disks weighed and then analyzed. Precision is better than ±5 percent and, depending on the element, as low as ±0.2 percent. ICP and XRF analyses, along with several wet chemical analyses originally reported by McKelvey and others (1953b) , are listed in table 1.
Comparisons of the XRF, wet chemical, and ICP data ( fig. 3) show only slight differences between the three methods for major-element oxides. The ICP data for A12O3 are about 4 percent higher, on average, than the XRF data (fig. 3A) ; the ICP data for P2O5 are virtually the same as both the XRF and wet chemical data (fig. 3B) ; the ICP data for Fe2O3 are as much as 9 percent lower than the XRF and wet chemical data (fig. 3C) ; and the ICP data for CaO are about 2.5 percent lower than the XRF data ( fig.  3D ). These plots confirm the accuracy and precision of the XRF and ICP analyses reported by Lichte and others (1987) and Taggart and others (1987) , with the possible exception of Fe2O3.
Minor elements in all samples were determined by ICP spectroscopy (table 2), including the following (limit of detection in parts per million in parentheses): Ag (2), As (10), Au (8), Ba (1), Be (1), Bi (10), Cd (2), Ce (4), Co (1), Cr (1), Cu (1), Eu (2), Ga (4), Ho (4), La (2), Li (2), Mn (10), Mo (2), Nd (4), Ni (2), Pb (4), Sc (2), Sn (10), Sr (2), Ta (40), Th (4), U (100), V (2), Y (2), Yb (1), and Zn (2). Precision, based on multiple analyses of U.S. Geological Survey standard reference materials, is ±10 percent for concentrations greater than 10 times the lower limit of detection, (Lichte and others, 1987) . The 20 elements listed in table 2 are those for which at least half the measurements were above the limit of detection. A zero was substituted for those analyses below the limit of detection to facilitate calculations.
Inorganic and total carbon were determined by combustion (table 1) ; the difference gives the fraction of organic carbon. Precision is from 5 to 10 percent, based on an analysis of aliquots to which CaCO3 was added in an amount that approximately doubled the original carbon content.
NORMATIVE CALCULATIONS

Mineral Components
The major-element oxides must be partitioned into mineral phases to determine the mineral abundances in the rock samples. In the Phosphoria Formation, Gulbrandsen (1967) identified quartz, muscovite-illite, feldspar, iron oxide, organic matter, and apatite as ubiquitous phases and calcite, dolomite, microcrystalline quartz, and gypsum as present only in some of the rocks. Plots of major-element oxides and inorganic and organic carbon confirm that apatite, calcite, dolomite, organic matter, and biogenic/diagenetic silica (microcrystalline quartz) are major minerals in the Montpelier Canyon section. The plot of Fe2O3 versus A12O3 content ( fig. 4B ) also indicates that a few samples contain iron in excess of that contributed by aluminosilicates. Because at most 2 weight percent Fe (present now as an oxide but possibly pyrite originally) is present, its abundance was not calculated. Because the plot of SiO2 versus A12O3 content (see fig. 1C ) shows a strongly
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The Phosphoria Formation: Its Geochemical and Biological Environment of Deposition defined minimum and Fe2O3, K2O, and TiO2 ( fig. 4) correlate strongly with A12O3 but not with any other major-element oxide, Gulbrandsen's quartz, muscovite-illite, and feldspar phases (quartz and aluminosilicates) were combined into a single detrital fraction, assumed to have a constant A12O3 content. Isaacs (1980) and Isaacs and others (1983) also chose to combine all the aluminosilicates and detrital quartz into a single detrital fraction. They determined independently the abundances of the mineral phases that compose this fraction, including detrital quartz, and concluded that the relative proportions of the mineral phases of the detrital fraction in fine-grained rocks vary only slightly, owing to the absence of mineral fractionation as the detrital material was transported to and deposited in a marine basin. Following the format of Isaacs (1980) and Isaacs and others (1983), we assign the major-element-oxide contents, not accommodated in the detrital fraction, to biogenic/diagenetic silica, apatite, dolomite, calcite, and organic matter, by assuming a constant composition for each. The rocks may be sufficiently complex that our simple assumptions used to calculate their components are invalid. For example, we use the MgO content, in excess of that accommodated in the detrital fraction, to calculate dolomite. Similarly, we use the P2O5 content to calculate the apatite content. If these rocks contained other mineral phases in which MgO and P2O5 were present, these calculations would be far more complex and much less accurate.
Mineral Compositions
Our initial assumption is that each mineral component has a constant composition throughout the stratigraphic column. Implicit in this assumption is that all the samples are closely associated. The plots of major-element oxides and organic and inorganic carbon strongly support the assumption that the minerals have constant major-elementoxide ratios.
The number and approximate composition of the major components must be known to partition the major-element oxides. For calcite and dolomite, partitioning of CaO, MgO, and CO2 is relatively straight forward: We assume stoichiometric phases. As shown below, extremums in the plots of CaO and MgO versus inorganic-carbon content support this assumption. Apatite varies slightly from place to place in composition, owing to substitution of CO32-and SO42-for PO43-and of Na+ and Mg2+ for Ca2+ (McClellan, 1969) . Gulbrandsen (1966) , however, reported a limited variation in the composition of apatite in the Phosphoria Formation about an average that approaches our measurements. The composition of detritus can vary significantly from formation to formation, depending on such factors as source and degree of alteration. Initially, we assumed that the detrital fraction was similar in composition to the average for worldwide shales (table 3). On the plots of major-element-oxide versus A12O3 content ( fig.  4) , K2O, TiO2, and Fe2O3 all correlate well with A12O3 ( fig.  4 ). Least-square best-fit lines were drawn, yielding R values greater than 0.93. Assuming that A12O3 is present solely in the detrital fraction, it follows that K2O, TiO2, and Fe2O3 also must be present solely in the detrital fraction. Their high degree of correlation and extrapolation to the origins of these plots confirm our assumptions that (1) the composition of the detrital fraction is constant throughout the stratigraphic column in Montpelier Canyon, (2) the compositional values approximate those of the average for worldwide shales (table 3) , and (3) the detrital fraction has remained relatively nonreactive since deposition. Subsequent studies are underway to ascertain whether these assumptions hold true for the entire basin.
Although the other major-element oxides used to determine mineral abundances (CaO, P2O5, MgO) show no obvious correlation with A12O3, some of each oxide can be present in detritus, as well as in other components. In fact, the plot of MgO versus inorganic-carbon content ( fig. 5A ) requires that some MgO is present in both dolomite and detritus: The curve extrapolates to 0.7 weight percent MgO. The average MgO content of worldwide shales is 2.6 weight percent (Wedepohl, 1969) . Because the average proportion of detritus in these samples is 30 percent, the average detrital MgO content of worldwide shales is 0.78 weight percent (0.30 times 2.6 weight percent). The close agreement of this value with the expected value of 0.78 weight percent in Wedepohl's (1969) average for worldwide shales supports our use of his values to subtract out the detrital (shale) fraction (table 3) of the major-element oxides CaO, MgO, P2O5 before calculating the abundances of the mineral components calcite, dolomite, and apatite (tables 4, 5).
Apatite
The major-element-oxide stoichiometry of apatite, as determined by Gulbrandsen (1966) and McClellan and Lehr (1980) , was evaluated by plotting CaO versus P2O5 content ( fig. 6 ). Minimums define a curve with a slope of 1.38 that intercepts the origin, in agreement with the CaO/ P2O5 ratio reported by both Gulbrandsen (1966 Gulbrandsen ( , 1970 and McClellan and Lehr (1969) ; the rest of the data plot above this curve. Clearly, CaO is present in other phases; however, because the extremums extrapolate to zero, we conclude that virtually all of the P2O5 is present in apatite, except for 0.16 weight percent P2O5 in detritus (Wedepohl, 1969) . Therefore, we use the P2O5 content to calculate the apatite abundance. The actual P2O5 content in apatite and the complete equation used to calculate the apatite abundance are listed in table 4.
Calcite and Dolomite
MgO and CaO were plotted against inorganic carbon ( fig. 55 ), after subtracting out their detrital and apatite contributions. The apatite fraction of CaO was determined as described above. The detrital fractions of CaO and MgO were estimated from the average for worldwide shales (table 3) . The adjusted CaO data plot along the curve for stoichiometric calcite, or between the calcite and dolomite curves; the first relation suggests that the calcite in the Phosphoria Formation is stoichiometric CaCO3.
MgO data plot either on the curve representing the ratio of MgO to inorganic carbon in stoichiometric dolomite or below it ( fig. 55 ). MgO data that plot on this curve represent samples that contain only stoichiometric dolomite, and those that plot below this curve represent samples that contain both calcite and dolomite. MgO data plot along the xaxis, where there is only calcite. These plots support the assumption that MgO is present only in dolomite, except for 2.3 weight percent in detritus (table 3), and that stoichiometric dolomite (table 4) is present in at least a few samples.
Organic Matter
Organic-matter content was determined by multiplying the organic-carbon content by 1.7. This value, which is intermediate between the organic-matter content of the Monterey Formation of 1.5 weight percent (Isaacs, 1980) and modern marine organic-matter content of approximately 4 weight percent (Sverdrup and others, 1963) , was obtained by comparing the measured LOI with an "LOI term" obtained by an iterative calculation (see subsection below entitled "Biogenic Silica").
Detritus
A residual fraction was calculated by subtracting the proportion of calcite, dolomite, apatite, and organic matter from 100 percent. Thus, this residual fraction equals the sum of the detrital fraction and biogenic-silica abundance. The residual fraction was then plotted against A12O3 content; the plot shows a well-defined minimum that nearly extrapolates to the origin ( fig. 1A) . The slope of the curve is interpreted to represent the ratio of detritus to A12O3. Extrapolation to 100 percent gives an A12O3 content in detritus of 15.6 weight percent. This value compares well (table 3) with the averages of 16.7 weight percent for geosynclinal shales (Wedepohl, 1969) , of 15.1 weight percent for Russian platform shales (Vinogradov and Ronov, 1956) , and of 17.8 weight percent for the detrital fraction of the Monterey Formation (Isaacs, 1980) . The scatter of the data points above the curve represents a varying abundance of biogenic silica, which has no intrinsic relation to A12O3.
Biogenic Silica
The abundance of biogenic/diagenetic silica can be calculated merely by assuming it to be the sole remaining major constituent, thus forcing the sum of all constituents to 100 percent. Because the abundance of calcite partly depends on the calculated abundance of dolomite and apatite, and the abundances of detritus and biogenic silica also depend on the calculated abundances of calcite, dolomite, apatite, and organic matter, the results would contain errors compounded by each successive calculation. An alternative method is to determine the SiO2 content of the detrital fraction and then subtract it from the total silica content. This calculation can be done by simply plotting total silica against A12O3 content; the minimums define a curve that is interpreted to be the SiO2/Al2O3 ratio in detritus (Isaacs, 1983) . The scatter of data points above this curve represents silica in excess of that in the detritus, that is, biogenic/diagenetic silica. In this study, however, only the samples analyzed by XRF spectroscopy have a total silica content, and they represent only half the samples. Therefore, we developed an equation for calculating total silica content from the ICP data.
We initially use only the XRF data to derive the equation for total silica content because this procedure allows us to compare our calculated total silica content with the measured total silica content. Part of the equation is an LOI term, which we also derive by using the XRF data and again compare with the measured LOI data. We then apply both equations to the ICP data.
Total silica content was calculated by subtracting four terms from 100 weight percent: (1) a term incorporating all the major-element oxides other than SiO2, (2) a calculated LOI term, (3) a calculated fluorine term, and (4) a term for sulfur plus other significant minor elements (table 4). The major-element-oxide contents used in the first term are listed in table 1. The LOI term is composed of an aluminosilicate factor (8-9 weight percent H2O in aluminosilicates), a carbonate factor (44 weight percent CO2 in calcite and 47 weight percent CO2 in dolomite), and an organic-matter factor (58.8 weight percent organic carbon). The equation is: LOI=0.55Al2O3+3.66Inorganic Carbon +1.7Organic Carbon.
An iterative calculation designed to obtain the best-fit curve between the measured and calculated LOI gave a ratio of organic matter to organic carbon of 1.7 for these samples ( fig. ID) , in comparison with a ratio of 1.5 for the
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Monterey Formation (Isaacs, 1980) . The H2O content of detritus was determined as 8.6 weight percent. Fluorine, for which we have no data, is present in apatite in significant amounts, 3.8 to 4.2 weight percent, as fluoride (Gulbrandsen, 1966) . Assuming 4.2 weight percent F in apatite and reducing the number of oxygens to maintain charge balance, 2.47 percent of the apatite present was subtracted from 100 percent to account for fluorine.
After initially plotting calculated versus measured SiO2 content, another 1 weight percent was subtracted for maximum agreement with the measured value. This procedure was justified by the known presence of sulfur, as sulfate in apatite (0.3-3.1 weight percent SO3; Gulbrandsen, 1966) , and of significant amounts of minor elements, such as Cr, Sr, V, and Zn (table 2).
Assuming that other nonoxide components are absent, the remainder should then be equal to the total silica content. The calculated total silica content was plotted against the SiO2 content measured by XRF spectroscopy ( fig. 7fi) , with /?=0.99. The curve for minimums of calculated SiO2 versus A12O3 content, with a slope of 3.75, defines the SiO2/Al2O3 ratio for the detrital fraction ( fig. 7Q . The ratio for detritus may be less than this value, by the abundance of biogenic silica actually present in samples that define the minimum, or it may be higher than this value as a result of precision errors compounded with each oxide analysis. However, the sharpness of the minimum leads us to believe that the SiO2/Al2O3 ratio for detritus is close to 3.75.
The abundance of biogenic silica was determined from the plot of total silica versus A12O3 content ( fig. 1C) . The amount by which the data points lie above the curve for silica in the detrital fraction represents the abundance of biogenic silica (see table 4 for actual equation used).
Discussion
All the calculated major mineral abundances are listed in table 5 and plotted in figure 8 . By virtue of our normative-calculation procedure, 100 percent of the P2O5, A12O3, CaO, and MgO are accounted for by this partitioning. The CO32", SiO2, and sum of components, however, each offers a check on the calculations. To check the calcite, dolomite, and apatite calculation, CO32~, calculated from the abundances of these mineral components (table  5) , is plotted against measured carbonate, that is, inorganic carbon (table 1): The correlation is excellent ( fig. 5C ). The SiO2 content was measured by XRF spectroscopy and estimated ( fig. IB) from the contents of other major-element oxides plus an LOI calculation (table 4). Both plots show strong correlations that approach a 1:1 relation in the midrange. The approach of the sum of all components to 100 percent ( fig. 8 ) also supports our partitioning scheme: For all but one of the samples, this sum is within ±3 percent of 100 percent. These results offer strong support for our initial assumption of a constant composition for all components.
In other rock units, oxide ratios in the major components may differ from those for the Phosphoria Formation, but this general scheme should be the same.
CORRELATION-COEFFICIENT MATRIX
A correlation-coefficient matrix indicates the degree of linear relation between two variables. The R value indicates how well the individual data points behave around a calculated simple regression (line). If the data points cluster close to the linear regression, then the R value approaches 1.0; and if there is no correlation, then the R value approaches zero. Negative correlations indicate an inverse relation and can be just as informative as positive correlations; however, low positive correlations must be viewed critically. For example, we know from plots and calculations that CaO is associated with MgO, inorganic carbon, and P2O5, although the correlation coefficients between CaO and these major-element oxides is significant (/?>0.5) only for CaO versus P2O5 (table 6) . Therefore, we use the correlation-coefficient matrix as only an initial tool in evaluating the data.
Using a statistical program, a correlation-coefficient matrix was generated for all the data, that is, rock components and bulk minor-element analyses (table 6). Because the main purpose of this report is to explain our normative-calculation procedure, we mention only a few of the strongest correlations (table 6): detritus with Ba and Co, apatite with Sr, and organic matter with Cu and Cr. The rare-earth elements correlate very strongly with each other, as expected, because of their similar valence-electron configurations. Sc also correlates with the rare-earth elements. Mo, Ni, and Zn correlate strongly with each other but not with any of the calculated rock components. Eventually, we want to look similarly at data from four other places that traverse the Permian sea from east to west.
CONCLUSION
The abundances of the rock components were determined by assuming a constant composition throughout the stratigraphic column and assuming these components to be calcite, dolomite, apatite, organic matter, biogenic/diagenetic silica, and a single detrital fraction combining detrital quartz and aluminosilicates. Apatite abundance was calculated from P2O5 content, using 40.6 weight percent in apatite and 0.16 weight percent in detritus. Dolomite abundance was calculated by multiplying the analyzed MgO content, less that proportion in the detrital fraction, by the proportion of MgO in stoichiometric dolomite (21.9 weight percent). CaO content was used to calculate calcite abundance (56 weight percent) after subtracting out its proportions in apatite, dolomite, and detritus. Organic-matter abundance was calculated by multiplying the organiccarbon content times 1.7, a factor derived from an iterative process. Biogenic/diagenetic-silica abundance was calculated by first calculating the total SiO2 content and then subtracting out the proportion in the detrital fraction. The validity of these calculations was checked by comparing the inorganic-carbon content calculated from the abundances of dolomite, calcite, and apatite with the measured inorganic-carbon content, by comparing the calculated with measured SiO2 content, and by the approach of the sum of the major rock components to 100 percent. This normative-calculation procedure can be applied in a general form to other fine-grained sedimentary rocks as well. figure 46 has been drawn visually. Samples with data points falling outside main trend contain iron in excess of that contributed by detritus; the presence of either iron oxide or pyrite in these samples was verified by optical microscope.
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The Phosphoria Formation: Its Geochemical and Biological Environment of Deposition Minor elements Total silica------Total silica content from ICP data is calculated by subtracting from 100 major oxides and an LOI term; fluorine content is calculated from apatite abundances and adjusted for charge balance and 1, which represents sulfur and other significant minor elements. LOI term includes CO2 in carbonates and organic matter and structural water in detritus.
100-(Sum of major oxides+LOI+0.0247Apatite+l) LOI=0.55Al2O3+3.66Inorganic Carbon+ 1.7Organic Carbon
Biogenic silica----Biogenic/diagenic silica is calculated by subtracting quartz and silica contents in detritus from total silica content calculated above. Quartz and silica contents in detritus are determined from slope (3.75) of well-defined minimum line when total silica is plotted against A12O3 content.
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